The average chemical compositions of the continental crust and the oceanic crust (represented by MORB), normalized to primitive mantle values and plotted as functions of the apparent bulk partition coefficient of each element, form surprisingly simple, complementary concentration patterns. In the continental crust, the maximum concentrations are on the order of 50 to 100 times the primitive-mantle values, and these are attained by the most highly incompatible elements Cs, Rb, Ba, and Th. In the average oceanic crust, the maximum concentrations are only about 10 times the primitive mantle values, and they are attained by the moderately incompatible elements Na, Ti, Zr, Hf, Y and the intermediate to heavy REE. This relationship is explained by a simple, two-stage model of extracting first continental and then oceanic crust from the initially primitive mantle. This model reproduces the characteristic concentration maximum in MORB. It yields quantitative constraints about the effective aggregate melt fractions extracted during both stages. These amount to about 1.5% for the continental crust and about 8-10% for the oceanic crust.
Introduction
The isotopic evidence from the Earth's crust and mantle discussed elsewhere in this volume [3] has been decisive in establishing beyond reasonable doubt that the continental and oceanic crusts 0012-821X/88/$03. 50 © 1988 Elsevier Science Publishers B.V.
are chemically and isotopically complementary in many respects. On this basis, a generally accepted geochemical paradigm has emerged: formation of the continental crust has depleted a large part of the mantle in many incompatible trace elements, and this depleted part of the mantle is now the source of the oceanic crust. The continental crust has a mean age of about 2 × 109 years, roughly half the age of the Earth, whereas the oceanic crust is rapidly recycled into the mantle and has a mean life time of only about l0 s years or a fiftieth of the age of the Earth. The isotopic data were corroborated qualitatively by the relative abundances of trace elements found in continental rocks and in MORB. For example the complementary pattern of high 143Nd/144Nd in MORB and low 143Nd/144Nd in continental rocks is matched by Sm/Nd ratios which are high in MORB and low in continental rocks. Because of such correlations, it has become common practice to use trace element concentration ratios analogously to isotopic ratios to "fingerprint" crustal and mantle source reservoirs of volcanic rocks.
In this paper I examine the overall chemistry of crust and mantle in a rough but quantitative manner, in order to test and extend the inferences made from isotopic studies of very few trace elements. The result is a surprisingly simple and consistent pattern of complementary enrichment and depletion for nearly all lithophile elements for which there are analytical data. This pattern is adequately explained by a simple two-stage extraction model of continental and oceanic crust from an initially primitive mantle. This global crust-mantle differentiation was not, however, the primary process that generated the present-day, intra-oceanic mantle heterogeneities. Table 1 lists the abundances of 39 major and trace elements in the Earth's primitive mantle (also often called bulk silicate Earth), the continental crust, and average normal mid-ocean ridge basalts (usually called N-type MORB). These data are taken from the recent literature ( [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , and footnote Table 1 ). The MORB data [4] were determined for a set of 26 MORB glasses selected for freshness rather than for being truly representative of a global average, and they may therefore be affected by sampling bias. The REE abundances in this average are significantly higher than those given by Sun et al. [5] . However, the averages shown by Sun et al. are based on a set of samples which is believed to be biased toward high melt fractions, for reasons given in section 4.1.
Element abundance patterns
Klein and Langmuir [1] have shown that Na20 concentrations in MORB are well correlated with the depths of the axial valley floors of the spreading ridges. This correlation is global and provides a test for possible sampling bias of the present set of data, because the global coverage of bathymetry data is far more extensive than the coverage of dredged basalts extruded at the ridges. For the data set of Klein and Langmuir [1] , the average depth of 27 ridge segments, each over 500 km long, and totalling about a quarter of the global ridge length, is about 3000 m. A revised estimate of the global oceanic depth versus sea-floor age has recently been published [18] , and this yields an extrapolated mean zero-age depth of 2700 m. Actual depths of axial valley floors tend to be deeper than extrapolated zero-age depths, and the global mean depth of the axial valley is estimated to be 3000-4-300 m. The mean fractionation-corrected Na20 concentration, interpolated at a depth of 3000 m from Klein and Langmuir's fig. 2d [1] is about 2.4 _+ 0.2%, which is similar to the mean of our (identically corrected) Na 20 concentrations of 2.53 (_+0.08)% and only slightly lower than the mean of our uncorrected NazO concentrations of 2.68 (+0.07)%. The averages of FeO= 10.4%, MgO = 7.6% and CaO/AI203 = 0.74 given in Table 1 are also reasonably similar to the averages (FeO = 9.2%, MgO -8.0%, CaO/A1203 = 0.76) inferred from the data of Klein and Langmuir. This indicates that the average composition of our sample set is within 10% of the true MORB average. These differences are small enough, so that they may be neglected for the purpose of the present paper. Fig. 1 shows normalized element concentration patterns of average continental crust and average MORB, plotted in the order of decreasing continental abundances (from [17] ). The concentrations are normalized by dividing each through the respective concentration in the primitive mantle. The rationale for using the order of continental concentrations to determine the sequence of elements plotted is that the degree of enrichment of an element in the continental crust is one possible The data for the primitive mantle and N-MORB average are taken from Jochum et al. [4] . The N-MORB average represents 26 fresh MORB glasses, defined as N-type MORB by their light-REE depletion [5] . The values for the primitive mantle are taken from Hart and Zindler [6] for the major elements, and their factor of 2.51 is used to obtain the mantle values of the refractory trace elements from the abundances in C1 charbonacous chondrites. The sources of the C1 chondrite data are: REE [7] , Ba, Sr, Hf [8] , Zr, Ta, Nb, Y, Sc [9] , U [10] . Other elements were obtained as follows: Th = 4.U; Cu, Ni, Co [11] , K =12,700.U [12] , Rb= Ba/12.3 [13] , Cs = Rb/20 [14] , Sn [15] , and Pb from ~ = 8.88 [1] . Most of these values are believed to be correct within about 10%, except for Cs, for which different estimates differ by a factor of 4 [13, 14, 16] . The data sources for the two continental crust averages are: TM1 [17, [17] , TM] and TM2) and "normal-type" mid-ocean ridge basalts [4] from Table 1 . All concentrations are normalized by division through the respective concentration of the primitive mantle (see also Table 1 ). The sequence of elements is determined by the order of decreasing concentrations in the continental crust average of Taylor and McLennan, TM1. These concentrations are connected by a solid line.
Compatibility sequence and general properties of the MORB pattern
measure for the degree of element incompatibility in the mantle. The resulting sequence of elements is similar but not identical to the alternative sequence given in section 4.3 and to those used by other authors (e.g. [5, 19] ) to represent basalt compositions. The emerging patterns are strikingly simple. The monotonic decrease of the continental abundances is, of course, inherent in the design of the diagram. The highest abundances present are about 50 to 100 times those of the primitive mantle. Very few elements have enrichment factors less than unity. This is in part the result of the choice of elements: most siderophile elements have very low but poorly known abundances in crust and mantle (because they are concentrated in the core) and have been omitted from the diagram.
The overall MORB pattern is surprisingly regular, and most of the irregularities might well be the result of uncertainties in the composition of the average continental crust. In contrast with the continental pattern, the highest concentrations present are only about ten times primitive, and these are realized not by the most incompatible elements but by the moderately incompatible Na, Ti, Y, Zr, Hf, and the intermediate to heavy REE. The regularity of the pattern suggests that the chemistry of MORB is related to the chemistry of the continental crust by some simple relationship between the mechanisms that govern the extraction of the continental crust and the production of MORB. More specifically, it will be shown below that most chemical elements have effective partition coefficients in the two processes that are either approximately the same or are at least related in some simple way.
The variabilities of the element concentrations expressed by the standard deviations (Fig. 2) are relatively low compared with other compilations of MORB data. This is the result of using a MORB population restricted to N-type trace element and isotopic abundances and to MgO concentrations of 5.6-9.0% (7.6+0.9% std. dev.). These restrictions were applied in order to avoid strongly fractionated samples and basalts which might be derived from "anomalous" plume-type sources. The inherent circularity of these selection criteria is obvious but unavoidable. The population is therefore biased toward the most depleted end member of MORB. The relative chemical variations are still believed to be relevant for the purpose of this paper. If P-type MORB were to be included in the MORB data set, the highly incompatible element concentrations would be much more variable and their averages would become more uncertain, because of weighting uncertainties. However, the moderately incompatible elements would not be greatly affected. Table 1 ). The compatibility sequence is taken from Fig. 1 .
The important features of the MORB concentration pattern, which should be explained by any global differentiation model, are:
(1) The pattern has a distinct concentration maximum.
(2) The elements that define this maximum are the intermediate to heavy REE, Hf, Zr, Y, Ti and Na. These elements have experimentally determined bulk partition coefficients in the peridotite-basalt system ranging from 0.01 to 0.1.
(3) The magnitude of the abundance maximum is about ten times the primitive-mantle values of these elements.
(4) The standard deviations of the average concentrations are small for major elements and increase systematically toward the left hand side of the diagram, as the elements become more incompatible. (A similar increase toward the right, affecting mostly Ni and Cr, is known to be caused by variable fractionation of olivine and chromite in the basalts and is not further considered here.)
Extraction model
The crust-mantle differentiation is approximated by the following two-stage model:
Stage 1: A partial melt (possibly including an aqueous fluid), is extracted from the mantle to form the continental crust. The residual mantle is concurrently or subsequently rehomogenized and forms the depleted mantle reservoir.
Stage 2: After some (unspecified) period of time lasting perhaps 1-2 Ga, the residual (depleted) mantle reservoir is remelted and generates MORB.
The "residual mantle" is not necessarily the entire mantle but only that portion which participates in the differentiation process. Both partial melting events are modeled as simple equilibrium melting. The normalized concentration of an element in the partial melt of stage 1 is:
The concentration in the solid residue is: so that the concentration in the partial melt of stage 2 is:
where c is the concentration of an element in the melt, c o is the concentration in the primitive mantle, C* is the normalized concentration in the melt, D is the bulk partition coefficient of the element (D = Csolid/Cmelt), and F is the melt fraction. The subscripts 1 and 2 refer to stages 1 and 2 of the model. Fig. 3 shows C1" and C2" as functions of D for the case where D 1 = D 2, F 1 = 0.016 and a series of F 2 values ranging from 0.0001 to 0.2. F 1 has been chosen so that the maximum abundances of the continental crust in Fig. 1 are matched by the calculated curve for C~*. F 1 is well constrained to the extent that the concentrations of highly incompatible elements in the bulk continental crust are known. The MORB abundance maximum of Fig.  1 is matched by the curve for F 2 = 0.045. This melt fraction is more model dependent, and it will be seen later that the best estimate for the effective MORB-melt fraction is approximately F 2 = 0.10. The point of the present, oversimplified approach is to illustrate how the fundamental differences between the chemistries of the continental and oceanic crusts can be explained by a very simple two-stage process. In stage 1, the most highly incompatible elements are most strongly enriched relative to the starting material, the primitive mantle. The magnitude of that enrichment factor is C( ~ = 1/F 1, as long as these elements are sufficiently incompatible so that D a << F 1. This causes a depletion in the residual mantle which will be reflected by the composition of any subsequently produced melt. In stage 2, and in any conceivable additional stages, the maximum concentration relative to the original mantle shifts to more compatible elements. It is formed by those elements with intermediate partition coefficients, which incorporate the optimum combination of least depletion during stage I and highest enrichment during stage 2.
The existence of a normalized-concentration maximum in MORB defined by elements of intermediate partition coefficients has not been widely appreciated, because in conventional representations of MORB chemistry using normalized concentrations (sometimes called spidergrams, a term that is misleading at best), the major elements and the compatible trace elements are omitted. When the more nearly complete lithophile element chemistry is displayed, and an adequate measure for the relative partition coefficients is used, it becomes obvious that the MORB concentrations decrease toward the left-hand side of the curve because the MORB source is depleted in these elements, and the concentrations also decrease toward the righthand side because they are progressively more strongly retained in the mantle. Moreover, the solid residue after stage 1 is virtually unchanged from the original primitive mantle composition on the right-hand side of the MORB maximum.
It is easy to verify that different assumptions about the exact nature of the melting process (e.g. fractional melting), the magnitude of the melt fractions, the introduction of additional stages of melt extraction, and the modification of the melt chemistry by fractional crystallization will change the position and the magnitude of the concentration maximum, but the final concentration curves will be qualitatively similar to the hypothetical MORB curves in Fig. 3 and to the real MORB curve in Fig. 1 . Fig. 3 shows that, as the melt fraction F 2 decreases, the concentration maximum increases in magnitude and shifts to elements with lower bulk partition coefficients. In this idealized model, the highest concentration that can be attained by such a stage-2 melt is the same as the maximum attained during stage 1. This maximum is approached as F 2 approaches zero. This means in general that the residual mantle is incapable of producing second-stage melts with element concentrations exceeding the maximum concentrations found in the continental crust, unless there is another enrichment process, which either pre-enriches the source or "post-enriches" the melt (for example by crystal fractionation). It seems likely that the very high trace element enrichments found in many alkali basalts of oceanic islands require such a pre-enrichment.
Refinements of the model
Retention of melt or reinjection of continental crust during stage 1. The concentrations of Rb, Ba, Th and Pb in MORB on the left-hand side of Fig. 1 show an apparent levelling off slightly above primitive-mantle values. (Cs must be disregarded because its primitive-mantle abundance is poorly known; see discussions in [13, 14, 16] .) Conceivably, this may be so because all these elements have similar bulk partition coefficients. More likely, they have very low, but different partition coefficients and the levelling off is caused by retention of small amounts of melt in the mantle or by reinjection of crust.
The abundances in the second-stage melt are then described by the equation:
where ~ is the fraction of the first-stage melt remaining or reinjected into the residue. Fig. 4 shows an example of a second-stage melt for a value of a = 0.1. An important point to note is that the abundance maximum is not sensitive to the value of a, as long as a < 0.1.
In the simple model discussed so far, it has been assumed that the bulk partition coefficient is the same for each element during stages 1 and 2, respectively. This assumption is unrealistic because it would require not only identical mineral compositions and melting conditions for both processes but also identical melt fractions. Actually, the coefficient D in equation (1) varies as a function of the melt fraction F, because the relative proportions of the residual minerals change as a function of melt fraction (except for the special but unrealistic case of so-called modal melting).
A better approximation to melting with constant coefficients may be modeled with the equation of Shaw [20] :
where D O is the bulk partition coefficient of the element in question in the unmelted source rock (i.e. the sum of the individual mineral/melt coefficients weighted in the proportions of the minerals in the initial source rock), and P is the bulk partition coefficient "of the melt" (i.e. the bulk mineral/melt coefficient weighted in the proportions in which the minerals are consumed by the melt). P will be approximately constant and independent of the melt fraction as long as the melt has an approximately invariant major element composition.
If the mineralogy of the residual solid phases is different during stages 1 and 2, the assumption that D o and P remain the same is still not justified. For example, if continental crust originates during subduction processes and at a depth sufficient for garnet to be stable during the generation of the melts, the bulk partition coefficients for the heavy REE will be much greater during stage 1 than during stage 2 when MORB is generated at pressures below the stability field of garnet.
In order to convert the qualitative abscissa of Fig. 1 to a scale of quantitative bulk partition coefficients, each element will be assigned a value of D a which is calculated as follows: F 1 is estimated from the concentration of the most incompatible element in the continental crust, assuming that this element has a bulk partition coefficient
Once the value of F 1 has been fixed, the residual concentrations of all other elements may be calculated from their respective concentrations C,*, using an alternative to equation (2) , which may be derived directly from the mass balance between melt and residue, namely:
Cre*-1_F1
Equations (2) and (6) may then be combined to obtain the bulk partition coefficient of any element:
In this way, an effective bulk partition coefficient is obtained for each element from its concentration in the continental crust. The qualitative values on the abscissa of Fig. I have been quantified in this manner and plotted in Fig. 5 . Equation (5) has been applied to stage 2 as follows: The value of P2 is assumed to be higher than D o by a factor of four for all incompatible elements with bulk partition coefficients D o ~< 0.5. This assumption takes account of the well-known fact that essentially all the incompatible elements shown in Fig. 1 , including the major elements A1 and Ca, have much higher partition coefficients in Table 1 . The D 1 value of each element has been calculated from equation (7) with F] = 0.016 and C] = continental crust average TM1.
clinopyroxene and in garnet than in olivine and orthopyroxene. Clinopyroxene and garnet constitute only 15-20% of the mantle mineral assemblage, but they are preferentially consumed by any melt being formed. Therefore, the value of D o is dominated by olivine and orthopyroxene, but P is dominated by clinopyroxene and, if stable, garnet. In addition, it is assumed that D ° = 0.2 D], for all 0.05 < D 1 < 0.22. This apparently arbitrary choice is intended to account for the differences caused by the possible presence of garnet during stage 1 and its absence during stage 2. Garnet has a very strong effect on the bulk partition coefficients of the middle and heavy REE. It is much less important for the light REE and other highly incompatible elements. Its effect on Ca and A1 partitioning is also much smaller than on the heavy REE. Fig. 5 shows a concentration curve for MORB, modified by the above assumptions, which is overall similar to that of the simple model used in Fig.  3 . However, the melt fraction for the generation of MORB is now almost twice as high (F 2 = 0.083) as in the simplest model (F 2 = 0.045), and the concentrations of the elements corresponding to D] = 0.1 to 0.22, which correspond to the middle and heavy REE, are higher than the respective concentrations in the continental crust.
The MORB data from Table 1 are plotted in Fig. 5 for comparison with the calculated MORB curve. The corresponding continental concentrations are not specifically shown. They lie exactly on the Ca* curve because equation (7) automatically yields an exact fit to that curve.
For the major and the moderately incompatible elements, the fit of the MORB data in Fig. 5 is surprisingly tight. The scatter is greater for the highly incompatible elements, but this is expected because of their intrinsically greater variability, the uncertainties of the partition coefficients, and the fact that other effects such as retention of melt during stage 1 or fractional crystallization during stage 2 have all been neglected.
The range of D values that correspond to the MORB abundance maximum is D 1 = 0.05-0.2, and D ° = 0.01-0.04. This may be compared with experimental data as a check for the internal consistency of the model. Of particular importance are the partition coefficients of the heavy REE, because these elements have the highest concentrations in MORB relative to the continental crust. This overlap requires relatively high partition coefficients during stage 1. Green and Pearson [21] 
, no garnet would be present, SiO 2 contents in the melt would be low, and temperatures would be high relative to stage 1. These differences would cause the clinopyroxene partition coefficient to be relatively low, on the order of 0.2-0.3, and this would lower their bulk partition coefficient to about 0.02-0.03. These considerations show that the bulk partition coefficients estimated from experimental data are indeed consistent with the model illustrated in Fig. 5 and the actual geochemical data. This agreement lends support to the general validity of the model in spite of its extreme simplicity.
Constraints on melt fraction during MORB production
It has just been shown that a relatively minor refinement in the melting model applied to stage 2 yields a substantially higher melt fraction than the simplest model described by equation (3) . It is therefore appropriate to ask whether the melt fraction of MORB can be constrained at all. An upper limit for F 2 is indeed found, if one assumes that the partition coefficients, D 2, of the elements that define the MORB concentration maximum are equal to zero. In this case, equation (3) is reduced to C2" = * and this may Cres/F 2, be rearranged and evaluated using equation (6) to yield:
-C~F a
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The most restrictive case will be given by the element which combines the highest value of C~* with the highest value of C2". This element is Zr which has values of Cl* = 10.4 and C2" = 10.9 and 305 yields F 2 = 0.078. This is actually lower than the value of F 2 = 0.083 found for the model shown in Fig. 5 . The reason for this is that C2" of zirconium is exceptionally high, and a maximum value of C2" = 9 has been used in Fig. 5 . Other elements near the MORB maximum, Y, Ti, Na and the REE, yield maximum melt fractions between 8.3 and 10.8%. This means that a melt fraction of F 2 --10% is a rather firm upper limit, provided that the concentrations of these elements in MORB have not been raised significantly by fractional crystallization. The problem of fractional crystallization will be addressed further below.
If the two-stage melting model is replaced by multiple stages, the final melt fractions must become smaller, if the same abundance maximum is to be maintained in the final MORB production stage. If we relax the constraint that the depletion is produced by previous production of the continental crust, and retain only the constraint of the maximum enrichment factor Cz* = 9 in MORB, the upper limit for the melt fraction producing MORB is still only F 2 = 0.11. This is a direct consequence of equation (1). Slightly larger melt fractions are obtained for more efficient extraction mechanisms such as fractional melting and the continuous extraction discussed by Ribe [22] . These more detailed considerations are beyond the scope of this paper.
Comparison with the melt fractions inferred by Klein and Langmuir
Klein and Langmuir [1] have presented a new and comprehensive interpretation of the major element chemistry of MORB. They showed that the positive correlation of Na20 and the negative correlation of FeO and CaO/AI203 with axial depth can be explained by temperature difference ~ in the mantle, which control the depth of initial melting, the aggregate melt fraction, the thickness of the resulting oceanic crust, and its depth below sea level. They estimated melt fractions of 8-20% from the total range of NazO contents ranging from 1.7 to 3.4% in MORB, and mantle concentrations of 0.30 (--primitive mantle) and 0.26 ( = depleted mantle). They also indicated that these melt fractions represent maximum estimates. For the average MORB composition corresponding to an axial depth of 3000 m, Klein and Langmuir obtained an aggregate melt fraction of 10%.
In the context of the present paper, the concentration of the depleted mantle is constrained by the previous extraction of the continental crust, which has a normalized concentration of C~a = 9.34 in Taylor and McLennan's [17] most recent estimate, of 10.54 in their earlier "andesite model". These correspond to normalized Na concentrations for the depleted mantle (using equation (6) with a value of F 1 = 0.016) of 0.864 and 0.845, respectively, which correspond to absolute Na20 concentrations of 0.259 and 0.253%, respectively (using a primitive mantle value of Na20 = 0.30 [1] ). These Na contents of the depleted mantle are only slightly lower than Na20 = 0.26 used by Klein and Langmuir. Equation (5), using Dz°(Na) = 0.03, P2(Na) = 0.11 (following [1] ), and C2" (Na)=7.61 (the fractionation corrected mean MORB value), yields F 2 = (Cre*/C ~" -D2°)/(1 -/'2) = 0.094 and 0.091, respectively. These results are near the lower end of the range of 8-20% given by Klein and Langmuir. Overall, there is no serious disagreement, because Klein and Langmuir estimated a melt fraction of 0.10 for the MORB composition which corresponds to the best present estimate of a representative mean value for all MORB.
The general conclusion derived from the above arguments is that the only way in which the overall, aggregate melt fraction of average MORB can be made to be greater than 9-11% (derived in this and the previous section) is to call for a mechanism other than melting to increase the concentrations of trace elements in MORB. The most popular of these is crystal fractionation in a crustal magma chamber. Although a full discussion of this subject is beyond the scope of this paper, the following brief evaluation is in order.
Trace element enrichment of MORB through fractional crystallization
Whether fractional crystallization is quantitatively important for the absolute concentrations of trace elements in the final melt depends to a large extent on the major element composition of the primary melt that crosses the mantle-crust boundary. (Early fractionation of melts within the mantle may also occur but is not relevant in the present context.) If the primary melt is a basalt, then fractional crystallization will cause only a relatively minor enrichment of incompatible elements in the average final basalt, because this average still has a relatively "primitive" composition. On the other hand, if the primary melt is a highly magnesian picrite or komatiite, the amount of fractional crystallization needed to produce the final basalt is much larger and the degree of incompatible-element enrichment is greater.
For the sake of argument, two "worst-case" scenarios will be assumed. The first is a picritic primary melt containing 18% MgO. This magma undergoes closed-system crystal fractionation which is dominated by olivine crystallization. By the time this magma has crystallized enough olivine to lower the MgO concentration to the value of 8%, the concentrations of the olivine-incompatible elements have increased by only 35%.
Alternatively, the trace element enrichment may be effected by the crystallization processes in a so-called RTF ("replenished, tapped, fractionated") open-system, steady-state magma chamber [23, 24] . In principle, this process may enrich the incompatible elements in the magma by an arbitrarily large factor, which depends primarily on the ratio of crystallized solids to erupted melt. There are, however, several compelling reasons to conclude that in ordinary MORB this mechanism is not very efficient. A full treatment of this subject will be presented elsewhere. Here, I mention only three of the reasons:
(1) MORB are distinguished by depletion, not enrichment, of incompatible elements. For example, the ratio of Rb to Sr in MORB is Rb/Sr = 0.011, which is almost a factor of three lower than Rb/Sr = 0.029 of the primitive mantle:
(2) RTF processes involving gabbroic crystal fractionation would change all concentration ratios of elements affected by feldspar crystallization. This includes Eu/Eu* and (Na/Zr) N, which average 0.95 and 0.74, respectively, but should decrease significantly in response to feldspar crystallization.
(3) Extensive and variable RTF processes would destroy the relationship between axial depth and chemistry [1] .
Overall, the enrichment factor affecting the concentrations of incompatible elements in the erupted liquid relative to the primary melt entering the oceanic crust is probably on the order of 1.5 or less for average MORB.
Fractional crystallization is one of the ways in Fig. 3 ), a primary stage-2 melt with a melt fraction F 2 = 0.18, and a fractionated stage-2 melt labeled "RTF". The fractionation model used is that of O'Hara [23] for a steady-state magma chamber which is periodically refilled, tapped and fractionated. The ratio of the amounts of crystal cumulate to liquid tapped from the chamber is X/Y = 2. The steady-state fractionated melt shows a concentration curve which overlaps the stage-1 melt at D values between 0.1 and 0.5. This is in qualitative agreement with the relationship found in Fig. 1 . However, for values of D >1, the RTF melt has much lower concentrations than the F l melt. For a bulk partition coefficient of D = 10, the difference is almost a factor of ten. which the crossover of the concentration curves in Fig. 1 might be produced. (A significant decrease in partition coefficients during stage 2 was another way discussed earlier.) Fig. 6 shows an example of this. A relatively high melt fraction of F 2 = 0.18 has been used, and the concentrations of the incompatible elements have been increased by assuming an RTF model with the parameter X = 0.1 (= fraction crystallized in each fractionation cycle) and Y= 0.05 (= fraction erupted in each cycle; see [23, 24] ). This increases the concentrations of the most highly incompatible elements by a factor of three (i.e. much higher than inferred from the small negative Eu anomaly actually found in average MORB). This purposely exaggerated example illustrates how fractional crystallization can, in principle, cause the observed crossover of MORB and continental abundances.
Other properties of MORB

Retention of Ca, Al and Sc in the MORB
SOblrCt2
These elements constitute a portion of the right-hand descending limb of the MORB abundance curve (Fig. 1) , and their abundances are substantially lower than the maximum of that curve. Consequently, they are sufficiently compatible to be partly retained in the mantle by the residue of MORB. Of the major minerals in the mantle (olivine, orthopyroxene, clinopyroxene, garnet and spinel), only aluminous clinopyroxene is capable of retaining sufficient concentrations of all three of these elements. Clinopyroxene has a partition coefficient for Sc ranging from about 1 to 3 [25] , depending on temperature, and it appears that it is the only phase capable of buffering the Sc abundances in MORB at the observed value of about 41 + 4 ppm. If this is correct, then the degree of MORB melting must normally be low enough so that clinopyroxene survives in the residue, and this residue cannot be a severely depleted harzburgite consisting only of olivine and orthopyroxene. Buffering of Ca by residual clinopyroxene has also been confirmed by observations in oceanic peridotites [26, 27] .
Sun and Nesbitt [28] and Sun et al. [5] have used the same reasoning to show that in some MORB samples in the A1/Ti and Ca/Ti ratios do approach primitive-mantle values. In these cases the degree of melting is indeed high enough so that clinopyroxene has been consumed by the melt. The lower A1/Ti and Ca/Ti ratios of average MORB, on the other hand, show that such high degrees of melting are the exception rather than the rule.
The retention of Sc, AI and Ca in the mantle is probably the strongest evidence in favor of degrees of melting that are low enough for clinopyroxene to survive in the residue. This result is in apparent disagreement with most conventional petrological thinking about the oceanic crust and specifically with the inferences drawn from the ophiolite model of the oceanic crust. One of the reasons for inferring high degrees of melting has been the common occurrence of highly depleted harzburgites beneath the cumulate gabbroic sections in ophiolites. I believe that this observation is misleading, because the harzburgites represent only the upper-most portion of the residual mantle, which is not representative of the entire mantle colunm from which partial melts are extracted. The melt fraction in this column is smaller at its base than at its top. Therefore, observations on residual peridotites are biased toward the top of the column, where melt fractions are largest. Observations on incompatible element concentrations and ratios are biased toward the lower part of the column, where melt fractions are smaller. Overall, the batch melting model can only be used as a very rough approximation to the actual melt extraction.
Another reason for the disagreements lies in the differences in sampling philosophies. Most authors (e.g. [5, 28] ) believe that the basalts richest in MgO, or highest in Mg/Fe, represent the most "primitive" melts and are therefore also the best representatives of the parental liquids of the more evolved, less magnesian basalts. I believe that this approach automatically introduces a serious sampling bias toward basalts derived from high primary melt fractions. Bryan et al. [29] have shown that the more common, "garden variety" of MORB, which contain about 7-8% MgO, are not derived from these more magnesian melts but stem from different parent liquids. Klein and Langmuir [1] demonstrated that melt fractions vary by more than a factor of two along the global ridge system. If one selects only the basalts highest in MgO, which are most likely to be derived from the highest melt fractions, basalts derived from lower melt fractions will be systematically excluded. By avoiding the bias toward high melt fractions, one must accept another: the "garden variety" MORB have almost certainly evolved to some degree by fractional crystallization. However, for a given change in MgO concentration, the effect of fractional crystallization on the incompatible element concentrations in the melt is much smaller than the effect of differences in the primary melt fraction (see also section 3.4).
Variation of the element abundances in MORB
The standard deviation of the MORB data is used as a measure for the real variability of the element abundances. This approach must be questioned because the sample selection has been biased in favor of the more depleted, so-called N-type MORB in order to avoid plume type basalts which may be derived from qualitatively different source reservoirs. This sample bias causes a large reduction in the variations of the highly incompatible elements, because these elements are strongly enriched in plume-type basalts. Nevertheless, the standard deviations of the MORB population thus restricted still show a strong correlation with the degree of incompatibility (Fig. 2) .
The observed variability may be ascribed to three causes: variable fractional crystallization, variable degrees of partial melting, and variable source depletion. The effects of these three processes on the concentration of a given element depend strongly on the bulk partition coefficient of that element. The degree of source depletion is likely to be nearly constant for the moderately incompatible elements that form the right-hand portion of the concentration maximum in MORB, because the depletion of these elements in the residual mantle is small. For example, the depletion factor for Na was calculated in the previous section to be about 0.85 for a stage-1 melt fraction of F 1 =0.016. Changing F 1 by a factor of two causes a change in Cr* s of only 10%. It is therefore a reasonable approximation to treat the source concentrations of this element as constant and to ascribe the differences in the observed, fractionation-corrected Na 20 concentrations to differences in melt fraction. The (corrected) Na 2 O concentrations summarized in Table 1 range from 1.62 to 3.32% with a standard deviation of 15% of the mean. The melt fractions calculated from equation (5) range from 6 to 16% with a mean of 9.7% and a standard deviation of 26%.
This range of melt fractions will affect the concentrations of the highly incompatible elements more severely than the Na concentration, because C = Co/F as D approaches zero. In addition, the more highly incompatible elements are probably more heterogeneous in the MORB source, because changes in stage-1 melt fractions will be more directly translated into changes in the residual concentration. For example, for elements with bulk partition coefficients of D = 0.01, the residual concentration changes by a factor of two if the F l melt fraction changes by a factor of three.
These considerations lead to the expectation that the bulk partition coefficients of the elements should be negatively correlated with the standard deviations of the concentrations in MORB, and this is indeed observed in Fig. 2 . The most noticeable exceptions in this general trend are the anomalously low standard deviations of the Pb, Sr, and Na concentrations. Part of this effect is caused by variable fractionational crystallization involving plagioclase, which will cause the REE and other incompatible element concentrations to vary, while at the same time buffering Na, Sr, and possibly also Pb because of its high partition coefficient for these elements. In addition, it will be shown below that the compatibility sequence used in Fig. 2 is inappropriate for Pb in MORB, where its actual, effective partition coefficient is closer to that of Ce.
Alternative compatibility sequence based on oceanic basalts
Up to this point, the compatibility sequence of the elements (which is taken to be synonymous with the order of their bulk partition coefficients between solid and melt) has been based exclusively on the relative element concentrations in the Table 1 ). The sequence of elements corresponds to the order of compatibility determined by Jochum et al. [4] on the basis of element ratio to element concentration correlations in oceanic basalts. The sequence is similar to that based on continental average concentrations ( Fig. 1 ), but Nb, Ta, and Pb are significant exceptions. The "negative anomalies" of Nb and Ta in continental crust and island arc volcanics commonly discussed in the literature are based on approximately this kind of plot rather than Fig. 1 . The even larger Pb anomaly is not found in the literature, because Pb is erroneously assumed to be highly incompatible in MORB because of its low concentration. continental crust. This approach implied that the bulk partition coefficient of each element is identical (or at least similar) during the first (continental) and the second (oceanic) stages of melt extraction, respectively. This assumption is supported by the regularity of the element concentration pattern in average MORB (Fig. 1) . Nevertheless, the anomalies in the standard deviations of the MORB sequence shown in Fig. 2 , and discussed above, point to possible inconsistencies for some elements.
An alternative compatibility sequence has been derived which is based directly on the chemistry of oceanic basalts and is independent of the continental crust [4] . The method for this uses the slope of the concentration ratio of two elements versus the concentration of one of the elements. If the slope is zero, then both elements are equally incompatible [2] . If the slope is greater than zero, the element in the numerator is more incompatible. We have systematically examined our set of MORB and OIB data in this manner and have thus derived a basalt-based compatibility sequence [4] . Fig. 7 shows the average continental crust and MORB concentrations plotted in this sequence.
It is remarkable that the two compatibility sequences shown in Figs. 1 and 7 , which are based on entirely independent assumptions, are quite similar for most elements. The chief difference lies in the positions of the elements Pb, Nb and Ta. In addition, the concentrations of these elements in both continental and oceanic crust are anomalous in Fig. 7 . Fig. 8 shows the standard deviations of the MORB concentration averages plotted in the compatibility sequence given in Fig. 7 . The decrease in variability with increasing compatibility is now much more nearly monotonic than in Fig. 2 . The slight negative anomalies for Pb, Sr, and Eu are probably caused by buffering of these elements during fractional crystallization (see previous section). All other anomalies (except for Cu, which remains unexplained), may be ascribed to analytical uncertainties or uncertainties in the exact element sequence.
The significance of Pb, Nb and Ta
In the preceding sections it was shown that Pb, when plotted in the compatibility sequence of Fig.  1 , has an anomalously low variability in MORB (Fig. 2) , although its mean concentration is normal. If, on the other hand, the compatibility sequence is based on the data from the oceanic basalts themselves, then Pb has nearly normal variability (Fig. 8) but highly anomalous mean concentrations in both MORB and the continental crust (Fig. 7) . Concentration anomalies are also evident for Nb and Ta in Fig. 7 . * The differences in the two compatibility sequences and the anomalies just noted are not consistent with the assumption that these elements have the same partition coefficients in stages 1 and 2.
The above observations suggest that lead is strongly depleted; but, unlike other highly depleted elements, it is comparatively uniformly distributed in the residual mantle. If the heterogeneous concentrations of the other highly depleted elements had been produced during the extraction of the continental crust (= stage 1), then the Pb concentrations should have been just as heterogeneous, and a special mechanism would have to have intervened to homogenize Pb but not the * Ta is not plotted in this paper, because the estimated concentration in the continental crust of 1 ppm from [17] yields a ratio of Nb/Ta =11, which is inconsistent with observed Nb/Ta ratios elsewhere, which appear to be uniform at Nb/Ta = 16-18 [9] . For the purpose of the present paper, I assume that Ta has exactly the same normalized concentration as Nb in all reservoirs considered.
other similarly depleted elements in the residual mantle. Convection combined with diffusion, the mechanism generally accepted to cause mixing, is incapable of such selective homogenization, because diffusion (the only homogenization process which might be element-selective) is effective only on a scale of centimeters. Similar considerations have previously led the author [2] to the conclusion that all the incompatible elements in the residual mantle were fairly well homogenized or rehomogenized after the separation of the bulk of the continental crust. The present-day heterogeneities evident from the isotopic and elemental abundances of incompatible elements must have been created subsequently and without major involvement of the continental crust. Although the arguments were similar, the evidence used in [2] was in part independent, because it was based on the similarity of Ce/Pb (and Nb/U) ratios in MORB and OIB rather than on the variability of the absolute concentrations within MORB.
The secondary differentiation is suggested to be the creation of the oceanic crust and lithosphere. It fractionated the residual mantle into a variably depleted N-type MORB mantle and a variably enriched P-type MORB and OIB mantle. During this differentiation, the partitioning behavior of Pb, Nb and Ta was "oceanic" rather than "continental". Therefore, the concentration heterogeneities were produced during the second, "oceanic" stage, and this produced the regular pattern of standard deviation shown in Fig. 8 . The absolute concentrations in MORB, on the other hand, are dominated by the first, "continental" stage. The additional changes in the average element concentrations resulting from the secondary differentiation are comparatively small because the complementary enriched (OIB source) reservoir is much smaller than the continental crust. In the context of the rough two-stage model, the effect of this additional differentiation on the mean concentrations of the other elements in MORB is negligible.
The switch in partitioning is illustrated in Fig.  9 . Nb and Ta were moderately incompatible (similar to Ce and Pr) during the extraction of the continental crust and became highly incompatible (similar to U and K) during the extraction of MORB. Conversely, Pb was highly incompatible Table 1 are also shown.
(similar to Ba) during extraction of the continental crust and became moderately incompatible (similar to Ce) during extraction of MORB. This explanation has previously been advanced [2] to explain the uniform but non-primitive Ce/Pb and Nb/U ratios in MORB and OIB. It provides a plausible rationale for the so-called lead paradox [30] , as has already been noted [2, 31] . The process is traced quantitatively in Fig. 9 , using the specific melting model of Fig. 5 . Starting with the continental Pb concentration estimate TM1 (see Table 1 ), for example, the Pb concentration in the residue is given by the intersection of the vertical arrow with the curve labeled "residue". The new partition coefficient appropriate for stage 2 is found from the position of Ce, and the Pb concentration in MORB is calculated from equation (5) as in Fig. 5 . The calculated Pb concentration in MORB is found to be quite similar to the measured MORB value from Table 1 . A similar trace is shown for Nb and Ta. The agreement between calculated and observed abundances in MORB is slightly poorer, but considering the simplifying assumptions, it is still surprisingly good.
The mantle evolution model proposed by Hofmann et al. [2] is consistent with all the observations noted above. It specifies that the residual mantle was homogenized during or after extraction of the bulk of the continental crust. The fractionation between MORB and OIB sources occurred subsequently and by a process which differed from continent formation in that it left the previously homogenized Nb/U and Ce/Pb ratios unchanged. The model also explains why the concentrations of Nb and Ce have similar variabilities as U and Pb, respectively: the heterogeneities of the present-day MORB source were not produced during the extraction of the continental crust but during the subsequent fractionation of the residual mantle into more or less depleted MORB and more or less enriched OIB sources. The chemistry of this latter fractionation process was apparently similar to the chemistry of present-day MORB production in that it fractionated many element ratios such as Rb/Sr, Sm/Nd, or U/Pb, but not the ratios Nb/U and Ce/Pb. These observations reinforce the hypothesis [32, 33] that the chief mechanism responsible for causing the OIB source enrichment is the magmatic processes producing the oceanic crust.
The view of the mantle that emerges is that convection has erased most of the heterogeneities left in the residual mantle region when the main mass of the continental crust was formed. The heterogeneities observed in the present-day source regions of MORB and OIB are younger than the mean age of the continental crust. They were produced by the production of oceanic crust and lithosphere and returned to the mantle by subduction. In contrast, recycling of continental material plays only a very subordinate role in controlling mantle chemistry. The "oceanic" differentiation still continues on a large scale, and mantle convection has not yet erased the secondary heterogeneities thus created. Fig. 9 shows that Nb (together with Ta, not shown) shifted to the left between stage 1 and stage 2, whereas Pb shifted to the right. What mineralogical mechanisms might have produced these shifts? Much speculation and some experimentation has been devoted to the negative Nb-Ta anomaly found in nearly all continental rocks (Fig. 7) but also in all island arc volcanics, and a full review of this subject is beyond the scope of this paper. Ti-minerals such as rutile and ilmenite have high partition coefficients for Nb and Ta [34] and could hold these elements back in the mantle during subduction melting, but the solubility of Ti in mafic silicate melts is also so high that it is unlikely that these minerals could survive partial melting at reasonable melt fractions [35, 36] . If Ti-minerals are indeed responsible for depleting the continental crust and enriching the residual mantle in Nb and Ta, the transfer of those elements which are positioned to the left of Nb and Ta in Fig. 1 must occur predominantly by a mechanism other than the extraction of a mafic partial melt. Dehydration of the subducted oceanic crust may well be such a mechanism [37] . This would require that the titanium mineral(s) which hold Nb and Ta would not dissolve in the hydrothermal solution, but the solubilities of Cs, Rb, K, Th, U, Pb and La would be high enough for an efficient transfer into the melting region to produce island arc magmas and ultimately continental crust. An alternative mechanism might be the extraction of a silicic partial melt from the subducted oceanic crust [38] . This melt would have a sufficiently low Ti solubility to keep rutile stable in the residue. It would intrude and modify the composition of the overlying mantle wedge, which in turn would yield the melts that actually reach the surface and ultimately produce new continental crust.
Mineralogical causes of the compatibility switch
Another possibility that has not been sufficiently explored is the role of amphiboles in this transfer process. Partition coefficients for Nb and Ta are apparently higher than unity in some amphiboles [39, 40] , and if the separation of partial melt from its residue occurs within the stability field of such an amphibole, the negative Nb-Ta anomaly could be produced by magmatic processes also. When the melting conditions are "dry" as is true for MORB, amphibole would not be present, and Nb and Ta would become highly incompatible.
The mineralogical mechanism for the shift in the partitioning of Pb is even less obvious. The highly incompatible behavior during stage 1 is consistent with the experimentally determined very low partition coefficient of Pb in clinopyroxene [41] . On the other hand, it seems unlikely that Pb could be as incompatible as Ba during purely magmatic processes, because its ionic radius is similar to that of Sr and significantly smaller than that of Ba. Again, perhaps the solution lies in an enhanced hydrothermal transfer of Pb from the subducted slab to the overlying mantle.
The relatively compatible behavior of Pb during MORB melting might be related to the participation of plagioclase either during the partial melting or subsequent fractional crystallization. This inference is supported by the observation that the elements with unusually low variances in Fig. 2 , Pb, Sr, and Na, have relatively high partition coefficients in plagioclase. In Fig. 8 , the effect is diminished but still discernible for Pb and Sr. Further support comes from the slight negative Eu anomaly seen in average MORB [4, 42] . Presnall and Hoover [43] and Klein and Langmuir [1] have suggested that residual plagioclase may be present in at least the upper portion of the melting mantle column producing MORB. Another possibility is that Pb may be retained by residual sulfide during MORB melting. This is suggested by the observation that MORB are usually saturated in sulfide, which buffers the sulfur concentration in MORB at about 1000 ppm [44] .
The "anomalous" continental concentrations seen in Fig. 7 , namely low Nb and Ta, and high Pb, are characteristic of all types of island arc volcanics, even when these are depleted tholeiites otherwise similar to MORB, as well as in almost all types of continental rocks (except for some apparently hot-spot-related basalts). This strengthens the genetic link between subduction processes and the mechanism(s) that generate the continental crust, including the Archean crust, the origin of which remains controversial.
In summary, the specific mechanisms causing the special behavior of Nb, Ta, and Pb are not yet well understood. It seems clear that different mineral phases are responsible for the anomalous behavior of Nb and Ta on the one hand, and of Pb on the other. It is certainly not surprising that chemical elements exist which behave very differently in (presumably hydrous and relatively deepseated) subduction processes than in (comparatively dry and shallow) ocean ridge processes. To this author, it is much more surprising that all the other chemical elements conform to the simple and complementary relationship displayed by Figs. 1 and 7.
Conclusions
Normalized element abundances in the continental crust have been contrasted with those in average MORB, which is taken to represent the oceanic crust. The two abundance patterns form a simple, complementary relationship which can be explained by a simple two-stage differentiation model of the mantle.
In the continental crust, the maximum normalized abundances of C* = 40-80 are realized by the most incompatible elements Cs, Ba, Rb, Th and U, which are strongly depleted in the residual mantle. The oceanic crust has an abundance maximum of C* = 10 for the moderately incompatible elements Zr, Hf, Na, Ti, and the heavy REE. These abundance maxima are used to constrain the effective melt fractions of the mantle melts that ultimately form both types of crust.
The apparent aggregate melt fraction is between 1 and 2% for the continental crust and about 10% for average MORB. Such comparatively low melt fractions are consistent with low abundances in MORB of Ca, A1, and Sc (relative to the heavy REE, Zr, Hf, and Ti), which are best explained by the retention of residual clinopyroxene.
The simplicity of the abundance patterns and the model based on these abundances imply that the production of continental and oceanic crust are governed by similar bulk partition coefficients for most of the elements considered. Striking exceptions are Nb and Ta, which are comparatively compatible during production of continental crust but highly incompatible during production of oceanic crust, and Pb, which is highly incompatible during production of continental crust and much more compatible during production of oceanic crust. Because of this contrasting behavior, these elements are more discriminating indicators than Nd, Sr, or Hf isotopes for tracing possible recycling of either continental or oceanic crust into the mantle.
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The batch melting equations used to construct the model are not meant to imply that the continental or oceanic crusts were actually produced by simple batch melting. Rather, they demonstrate that a satisfactory global mass balance exists for the chemistries of these crusts, the residual mantle, and the initial primitive mantle. Such a balance had previously been shown to exist only for the combined Rb-Sr and Sm-Nd abundances and isotopic compositions, and the results had been in apparent conflict with the isotopic data for Pb. This conflict is resolved by the dual partitioning behavior of Pb.
